We report the first finding of berthierine and chamosite in Mexico. They occur in the iron-ore deposit of Peña Colorada, Colima. Their genetic characteristics show two different mineralization events associated mainly to the magnetite ore. Berthierine is an Fe-rich and Mg-low 1:1 layer phyllosilicate of hydrothermal sedimentary origin. Its structure is 7Å, d hkl [1 0 0] basal spacing and low degree structural ordering. The phyllosilicate has been identified by a lack of 14Å basal reflection on X-ray diffraction (XRD) patterns. These data were supported by High Resolution Transmision Electron Microscopy (HRTEM) images that show thick packets of berthierine in well defined parallel plates. From the analysis of Fast Fourier Transform (FFT), we found around [1 0 0] reflections of berhierine 7.12Å and corresponding angles of hexagonal crystalline structure. Berthierine has a microcrystalline structure, dark green color, and high refraction index (1.64 to 1.65). Birefringence is low, near 0.007 to null and it is associated to nanoparticles (<15 nm) and microparticles of magnetite (<25 μm), fine grain siderite, and organic matter. Its texture is intergranular-interstratified with colloform banding. The chamosite Mg-rich is of hydrothermal epigenetic origin affected by low-degree metamorphism. It is an Fe-rich 2:1 layer silicate, with basal space of 14Å, d hkl [0 0 1]. The chamosite occurs as lamellar in sizes ranging from 50 to 150 μm. It has intense green color and refraction index from 1.64 to 1.65. The birefringence is near 0.008, with biaxial (-) orientation and a 2V small. It is associated mainly to sericite, epidote, clay, feldspar, and magnetite. Chamosite is emplaced in open spaces filling and linings. Mössbauer spectra of berthierine and chamosite are similar. They show the typical spectra of paramagnetic substances, with two well defined unfoldings corresponding to the oxidation state of Fe +2 and Fe +3 . Chemical composition of both minerals was obtained by an electron probe X-ray micro-analyzer (EPMA). The radio Fe+Mg+Mn vs Si and Al show similar chemical compositions and different XRD patterns in the crystalline structure provoked by the environmental conditions of emplacement. A hydrothermal environment was predominant, occurring before, during, and after the magnetite mineralization. The identification of magnetite nanoparticles supports the hypothesis of a marine environment, specifically exhalative sedimentary (SEDEX) for the berthierine.
Introduction
Berthierine and chamosite are relatively scarce minerals in nature, approximately just around 15 localities around the world are known associated to iron deposits. Some are SEDEX in origin (Damyanov and Vassileva, 2001; Xu and Veblen, 1996; Kimberley, 1989; Curtis and Spears, 1968 Wiewiora et al., 1998) , other sulfide massive volcanogenic (Slack et al., 1992) , metamorphic origin (Wybrecht et al., 1985) , and associated to bauxite and laterite (White et al., 1985; Toth and Fritz, 1997) . These minerals also occur in Northampton ironstone (Hirt and Gehring, 1991) , in paleosol near Waterval Onder, South Africa (Retallack, 1986) , in the oolitic ironstone beds, Hazara, Lesser Himalayan Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. thrust zone (Yoshida, 1998) , in metamorphic rock in the Sierra Albarrana pegmatite body (Del Mar Abad-Ortega and Nieto, 1995) , in the coal-swamp deposits in Paleogene and Upper Triassic coal, Japan (Iijima and Matsumoto, 1982) . This is the first report of berthierine and chamosite in the magnetite-bearing ore deposit of Peña Colorada, México. It is located to the north of the Sierra Madre del Sur, in the northwestern part of the Colima State (Fig. 1) . It is the major iron-ore deposit of Mexico. It has 173 million tons of ore reserves of high-grade Fe magnetic. We made mineralogical, physicochemical, and textural studies of the high-degree-of-purity berthierine and chamosite obtained through a metallurgical process, together with other representative minerals associated to the main ore (magnetite). Berthierine and chamosite are considered good indicators of the geological processes and conditions under which this deposit was formed. Thus, they represent an important key in the knowledge of the environmental characteristics that contribute to the formation of important iron-ore deposits in the world (Damyanov and Vassileva, 2001; Slack et al., 1992; Bhattacharyya, 1983) . The results obtained support the hypothesis of a SEDEX origin for this deposit.
SEDEX deposits are formed from the hydrothermal fluid discharge on the Earth crust surface in a marine environment. The basins of extensional type provoke the tectonic activity that accompanied the fluid ascent along the active faults and the discharge through the hot springs, producing chemical precipitation (exhalites) deposited on the marine floor. The constant repetition of hydrothermal fluids discharge and the exhalite formation provoke sedimentation processes, compaction and diagenesis during the evolution of the sedimentary basin (Pirajno, 1992) . These processes are important components in the formation of exhalative sedimentary deposits.
For the mineralogical characterization we applied several methodologies to analyze berthierine and chamosite minerals associated to magnetite and their textural relations (size and shape). Main objectives include: (1) studies of mineralogical features, mineral association and texture relation that were completed using reflected-transmitted light microscopy, XRD, EPMA and Mössbauer spectroscopy; (2) identification of magnetite nanoparticles investigated through HRTEM.
This study shows a complex mineralogy divided into two paragenetic types: (1) chamosite of hydrothermal epigenetic origin associated mainly to massive/disseminated magnetite-sericite-clay mineral quartz and epidote; and (2) berthierine of hydrothermal origin, due to hydrothermalism and diagenetic processes in a SEDEX environment. Berthierine is associated to siderite, organic matter and micro-nanoparticles of botryoidal magnetite.
Material and Methodology
In the Peña Colorada iron-ore deposit, there are two well differentiated zones because of their mineralogical and textural association of magnetite with berthierine and chamosite: (1) magnetite-berthierine intergranular in a stratified orebody; (2) breccia stockwork-type and veins of magnetite with chamosite. 500 samples from both areas were obtained using a systematic sampling and divided in two groups: (1) Base samples, with the representative character of the deposit (mineralogical associations and textural relations); and (2) Samples from metallurgical processes to obtain products such as magnetic and nonmagnetic concentrates. The last ones were separated by density to erase the background produced by the associated minerals, which result in a high proportion of high purity chamosite and berthierine. This purity was controlled by direct optical microscopy, high-quality images were obtained by optical microscopy, XRD and HRTEM.
Base samples and metallurgical products (concentrates) were examined under transmitted and reflected light microscopy using a Leitz SM-LUX-POL polarized microscope. More that 200 thin and polished sections were studied. The optical properties were studied in each separated crystal of chamosite and berthierine using oil immersion. They present refractive index ranging from 1.56 to 1.70. For identification purposes, shape and orientation were controlled.
The berthierine and chamosite concentrates were analyzed by XRD Simens D-500 using Cu-Kα (λ = 1.5418 A) in conditions of 40 kV and 30 mA. Representative base samples and magnetic and non-magnetic concentrates of each type of mineral (berthierine and chamosite) were selected for detailed analysis. The XRD patterns from selected samples were prepared by the standard methods heated at 550
• C for 1 hour. The purpose was to provoke alteration of the crystalline structure of berthierine and chamosite to corroborate the kaolin-type and chlorite-type structure for berthierine and chamosite, respectively, following the Bailey (1988) method. The kaolin-type structure is characteristic of diagenetic chlorite formed in a marine sedimentary exhalative environment. Polytype identification was according to Bailey (1988) and Carroll (1970) .
Representative areas of berthierine and chamosite were selected in the base samples in function of their mode of occurrence and mineral association to be studied by EPMA in order to get their chemical composition. We used a JEOL, Mössbauer spectroscopy analyses of berthierine and chamosite were completed in order to obtain details of their chemical characteristics. The Mössbauer spectra were obtained at room temperature with a constant acceleration transducer and 512 multichannel analyzer: the velocity calibration was performed with a laser interferometer referred to metallic iron, -source of 57 Co/Rh. The High Resolution Transmission Electron Microscope (HRTEM) studies were completed using a JEOL 2010 FEG FASTEM, with a spherical aberration coefficient of C s =0.5 nm and a point resolution ≈ 1.94Å at an acceleration voltage of 200 kV. This offers a resolution better than 0.2 nm and allows analysis of nanometer-order specimen areas.
Ocurrence of Berthierine and Chamosite
Chamosite and berthierine are minerals of limited occurrence in nature, and important components in the ironore deposit of Peña Colorada. By virtue of their composition, texture, and mineralogical associations, chamosite and berthierine could act out as a record of the chemical and physical conditions existing during the iron-ore genesis. Thus, we can understand the origin, environment of deposition, hydrothermal alteration, and metamorphism that occurred in the Peña Colorada deposit. Berthierine is clearly differentiated from chamosite because its dark green to brown color, microcrystalline to amourphous shape, and very low (<0.007) to null birefringence. The main miner- alogical and textural characteristics of the berthierine and chamosite are reported in Table 1 .
Berthierine
The berthierine belongs to the chlorite group. It is a phyllosilicate chemically and closely related to chorites, but structurally related to serpentine. It has a layered structure, each layer having a tetrahedral (Si, Al) 2 O 5 component, and linked to a tri-octahedral (brucite-type) component (Deer, 1993) . This latter component is similar to ferriferrous clay mineral (Bhattacharyya, 1983 (Bhattacharyya, 1983) . Berthierine has Fe-Al, 1:1-type layer silicate with basal spacing of 7Å (Damyanov and Vassileva, 2001 ).
Optical microscopy
Berthierine has very fine microcrystalline to amorphous grain size. It is present in three varieties depending of its texture and mineralogical associations ( Fig. 2 ): (1) berthierine-magnetite intergranular; (2) berthierine in colloform banding and open space filling; (3) berthierine recrystallized. Berthierine is distinguished of chamosite because of its intense dark green and brown color along the magnetite contact. It markedly shows pleochroism from greenish yellow to grass green, the interference tints are masked by the mineral color. It has a high refraction index from 1.64 to 1.65 and birefringence ranging from 0.007 to zero. Berthierine is mainly associated to magnetite and in minor proportion to sulfides (pyrite and chalcopyrite), siderite, calcite, quartz and organic mat-ter. Opaque minerals as magnetite and sulfur were fully studied and corroborated by optical microscopy using reflected light, XRD and SEM with multielemental analyses (EPMA).
X-ray difraction (XRD)
We analyzed pure berthierine samples coming from intergranular, colloform banding, open space filling, and recrystallized berthierine. Figure 3 shows this three typical XRD patterns of berthierine. The spectra of the diffraction pattern (and structure) are similar to the disordered kaolinite with a lower degree of structural ordering. It does not show the reflection d=14.4 A.
We carried out new tests to prove the identification of berthierine. It consists in altering their structure following the Carroll (1970) procedure. Samples were calcined at 550
• C over one hour, after that the residues were analyzed by XRD. In the acquired spectra, the reflections disappeared showing amorphous spectrums (Fig. 3) . Carroll (1970) indicates that kaolin-type chlorite gives a diffraction pattern and a heating pattern similar to kaolinite. That is, the kaolin-type structure collapses by heating at ∼550
• C and the diffraction pattern appears amorphous.
The variation of chemical composition in chlorite produce structures called polytypes (Bailey and Brown, 1962; Bailey, 1988 Bailey, , 1991 . They report structures in the form of layers similar to mica, which has structural arrangements in brucite-type layers (tri-octahedral component in the network). They recognized that 80% of the chlorites are the IIb polytype in which the structure is a monoclinic unit cell. The chlorite residual is the Ib polytype based on an orthohexagonal (or orthorhombic) unit cell (Carroll, 1970) . Berthierine belongs to this one.
Berthierine has a higher content of FeO and a crystal structure similar to kaolin (orthorhombic). The biggest reflection, equivalent to 100% is d hkl =7Å [001] as occuring in kaolin. Polytypes are in the function of the composition of sheets and not of the sequence of accommodation in the mineral. Berthierine shows Ib polytype in base to its composition, radicals R +3 replacing Al and Si, predominating an octahedral unit cell.
Mineral chemistry
Results of the representative microprobe analyzes in wt.% and structural formulae are presented in The three types of berthierine differ in their chemical composition (Table 2 ). The intergranular berthierine has low Al content and more vacant octahedral positions than colloform banding and open space filling berthierine. The compositional variation in the intergranular magnetiteberthierine is greater than the berthierine present in the high-degree diagenetic zone. This latter is considerably more homogenous and structurally well balanced. Content of Si replaced by Al keep a 1:2 proportion. Two triangular diagrams are utilized: (1) Fe+Mg+Mn -Si -Al and (2) Mg -Fe -Al. Both diagrams show the composition of berthierine. They indicate the trend of atom numbers per formulae unit functioning in a distinct environment and depositional conditions.
High Resolution Transmission Electron Microscope (HRTEM)
The crystalline structure of berthierine is formed by packages ordered in parallel form. Some layers are deformed and in other fields the structure is surrounded by an amorphous phase which supports the XRD results. In this amorphous phase are located the botryoidal micro-and nanoparticles of magnetite (Fig. 4) . structure (Fig. 5 ) that corresponds to an orthorhombic unit cell (Brindley and Youell, 1953) or to a trigonal unit cell (Brindley, 1951) .
Mössbauer spectroscopy
The study of berthierine shows quadrupolar unfolding typical of two states of oxidation; FeO and Fe 2 O 3 (Fig. 7) .
Chamosite
The chamosite structure is very similar to typical chlorite in which there are alternated regular layers with tetrahedral and tri-octahedral components. Its 2:1 layer structure is similar to that of mica, with a basal spacing of 14Å. The general composition is (Mg, Fe, Al) 6 (Al, Si) 4 O 10 (OH) 8 . Fe 2 is the dominant composite, Al is in lower proportion, and Mg and Si are slightly higher. The formation of polytypes is due to the equilibrium of the available energy in the environment. Chlorite is formed, in stable conditions, as a result of low-degree metamorphism under medium to high-temperature and it is IIb polytype.
3.2.1 Optical microscopy Chamosite has a laminar shape, sheets measure from 20 to 200 μm (Fig. 8) . Two types of chamosite were observed, based on its texture and mode of occurrence: (1) open space filling chamosite; and (2) chamosite with veins of colloform banding of berthierine. Chamosite is associated with the host rock, generally completely replacing feldspar hornfels through veins and fractures, altered rocks, and low-degree metamorphism. It represents the beginning of the hydrothermal phase. Chamosite is distinguished because of its olive green color with remarkable pleochroism from greenish to light green. It has a high index refraction (1.64-1.65). Its birefringence is low, near 0.008 (Fig. 8) . Orientation is Biaxial (-) with a 2V small. The cleavage are length-slow, the orientation may be α ∧ c=small, β=b, γ ∧ α=small, optic plane=[0 1 0] (Heinrich, 1965) .
X-Ray diffraction
The chamosite spectra shows the reflection d=7.18Å (main value of the chlorite) and the reflection d=14.4Å (that confirms the presence of chlorite) (Fig. 9) . Using the heating method (Brindley, 1961; Carroll, 1970) , we observed that chamosite did not collapse at 550
• C, the chlorite value d=14Å increased, and d=7Å decreased (Fig. 9) . Thus, the order of refraction intensity is different. Chamosite with a similar structure to typical chlorite does not collapse at 550
• C. However, there are changes in the intensity of the values of the main reflection, like value d=7.18Å (100%), that appears to be smaller with respect to the secondary reflection d=14.2Å (70%).
Mineral chemistry
Results of representative microprobe analyses in % wt and the structural formulae are presented in Table 3 . Chamosite formulae units were used on the basis of 28 oxygens and with Fe 2+ / Fe 3+ and OH, calculated assuming full-site occupancy. Chamosite has an important amount of Fe ranging from 23 to 39%. SiO 2 remains decreasing between 26 and 35%. The MgO content is high, ranging from 11 to 20%, and Fe2O 3 , Na2O, K 2 O and MnO are low <2%. TiO 2 was undetected in most samples, and is <0.2% when present.
The content of H 2 O is total and does not make any dif- ference between H 2 O+ y H 2 O-. Octahedral cations are in the range 0.39 to 0.67%. The tetrahedral Al cation is in the range from x=1.61 to 2.28 atoms per formulae unit and with lower octahedral occupancy. It is structurally well balanced but much more variable chemically. Two triangular diagrams were utilized: (1) Fe+Mg+Mn -Si -Al and (2) Mg -Fe -Al. Both diagrams show a composition of chamosite that indicates the trend of atoms number per formulae unit functioning in a distinct environment and depositional conditions.
Mössbauer spectroscopy
The chamosite spectrum shows the quadrupolar unfolding typical of two states of oxidation: FeO and Fe2O 3 (Fig. 10) .
Discussion
The chemical and mineralogical characterization of chamosite and berthierine show that both minerals are chemically related but are structurally different. Their close textural relation with magnetite allows a better understanding of its origin and deposition environment. Tables 2 and  3 show the main chemical and structural characteristics of both mineral varieties.
Chamosite is related to the beginning of a hydrothermal phase and occurs mainly in a mineralized breccia type stockwork, in which it fills open spaces and replaces the host rock through fissures. It is associated to magnetite, sulphide, epidote, calcite, quartz, feldspar, clay minerals, and sericite. The chamosite-magnetite textural relationship is characterized by magnetite in veins cutting the host rock replaced by chamosite and epidote, forming a mineralized breccia. This association permits us to demonstrate the epigenetic hydrothermal origin for magnetite, after deposition of chamosite and epidote. After the hydrothermal magnetite deposition, follows the deposition of calcite, quartz, and sulfurs (mainly pyrite and chalcopyrite). These last minerals fills open spaces in magnetite.
Berthierine is the most abundant chlorite, keeps a 5:1 proportion with chamosite, and is related to the final stage of the hydrothermalism of a mineralized stratiform body. Some samples show incipient recrystallization provoked by low-degree metamorphism or by high-grade diagenetic. It is strongly intergrowed into an intergranular shape with botryoidal magnetite of micro-nanometric size, and in colloform belt shapes that fill open spaces into the magnetite-ore. It is related to siderite, calcite, sulfide and organic matter (Fig. 11) . Berthierine is a mineral formed by diagenetic processes from chemical precipitates (exhalites) of hydrothernmal origin that were deposited on the marine bottom. The close textural relationship of berthierine with botryoidal magnetite of very fine micrometric size (mean 20 μm) and nanometric size (mean 6 nm) show a common environment of formation, related to exhalative sedimentary (SEDEX) origin.
Optical properties show clear differences between chamosite and berthierine. Berthierine depict because of its very fine grain size (<15 μm) becoming amorphous, and chamosite is distinguished because of its lamellar shape. Berthierine shows more intense colors (dark green and brown) and strong pleochroism. Both minerals coincide in refraction index, ranging from 1.64 to 1.65, with low birefringence (<0.008) that sometimes is null for berthierine.
The XRD data show: (1) chamosite with 14Å basal spacing, and (2) berthierine with 7Å basal spacing. The absence of the 14Å reflection is decisive in identification of the berthierine (Brindley, 1982) .
XRD data of berthierine affected by low-degree metamorphism or high-degree diagenesis (Fig. 3) shows that the 14Å basal spacing is very weak, thus we suppose that berthierine is at the initial phase of transformation to chamosite. The XRD data and microprobe analyses (EPMA) gave support to the knowledge of structural arrangement types, by mean of calculation of dominant cations (octahedral or tetrahedral) and ions number into the structural formulae. In base of the structural formulae: Y 6 Z 4 O 10 (OH) 8 , (Y=Fe 2+ , Mg, Fe 3+ , Al; Z=Si, Al, Fe +3 ), we calculated the corresponding parameters for the octahedral and tetrahedral components, and the ion number into the structural formulae of the chamosite and berthierine.
The intergranular and colloform banding of berthierine present a Ib polytype structural arrangement with a particular chemical composition, where R +3 radicals substitute Al and Si forming an orthorhombic (Bailey and Brown, 1962; Brindley, 1951 Brindley, , 1982 or trigonal unit cell (Brindley, 1951 (Brindley, , 1982 . A Fourier transform image from the HRTEM study shows an hexagonal component [001] [110], supporting the trigonal unit cell. In some areas, the berthierine recrystallizes and the unit cell parameters change from Ib to IIb polytype, showing a monoclinic unit cell (M). Then the d=14 A values appear and monoclinic is greater than orthorhombic (M≥Or) ( Table 3) . Diagenetic chlorite are Ib polytype, and during the diagenetic process they change to IIb due to recrystallization (Carroll, 1970) . The IIb polytype is dominant in chamosite with the characteristic monoclinic unit cell in which a major amount of Al -Si radicals dominate, in the function of the R +3 =Fe/(Fe+Mg) (Bailey, 1962 (Bailey, , 1988 (Fig. 12) . Brindley and Youell (1953) demonstrate that both orthorhombic and monoclinic polytypes co-exist in variable proportions.
Chamosite replaced by berthierine in fractures suffers changes in its unit cell predominating Al tetrahedral over Si. We observed that an increase in Al IV vs a decrease of ionic radio of Si, together with substitution of octahedral Fe by Mg, decrease notably the FeO. for berthierine per formulae unit. These data show that chamosite has a unit cell more homogeneous and structurally well balanced as opposed to berthierine which has a more unstable unit cell and major number of octahedral vacants.
The relationship between octahedral Al ( VI AI) and tetrahedral Al ( IV Al) is shown in Fig. 13 for different textural types of chamosite and berthierine. The chamosite that occupy open spaces in the host rocks (veins) contain a major amount of IV Al in respect to chamosite associated to colloform berthierine, which depicts the increasing of VI AI com- (Velde, 1985; Damyanov and Vassileva, 2001 ). The chamosite field (solid diamonds) of vein open space filling and of replacement is in the pre-ore zone. Chamosite associated to berthierine (solid triangles) is out of the pre-ore zone.
ponents possibly due to substitution of Fe ions by Mg. In berthierine, the predominance is of three main textural presentations. In this case, intergranular berthierine contains a minor number of IV Al components in respect to berthierine affected by metamorphism or diagenesis in which occur a notable increase of components of IV Al with a decrease of Si and Fe ions by Mg substitution. Figure 14 shows that the marine environment emplacement of the intergranular berthierine (higher content of Mg/Fe) is different to that of metamorphosed berthierine (higher Al/Si). Chemical composition variation of berthierine and chamosite are presented in Figs. 15 and 16 . Based in the microprobe analyses (EPMA), we calculated the cationic relationship by formulae unit for the construction of the diagrams Fe+Mg+Mn -Si -Al and Mg -Fe -Al.
The diagram of Fig. 15 shows the close relationship of berthierine and chamosite with the ore (magnetite) before, during ,and after deposition of hydrothermal magnetite. The berthierine samples with a high cation tetrahedral IV Al value (recrystallized berthierine) are located in the highdegree diagenetic and low-degree metamorphic zone. (Velde, 1985; Damyanov and Vassileva, 2001 ). The berthierine compositions (open diamonds and triangles) are in the ore zone in contrast with the recrystallized berthierine (open circles) that is in the high-grade diagenetic/metamorphic chlorite zone. b) R 2+ -Al-Si triangle diagram (Velde, 1985; Damyanov and Vassileva, 2001 ). The chamosite compositions (solid diamonds and triangles) are in the ore zone.
Most of chamosite samples belong to the pre-ore zone in the triangular diagram (Fig. 15) , suggesting that they are emplaced at the beginning of the hydrothermal phase, before deposition of magnetite and vein sulphides. Berthierine is in the marine zone, corresponding to a sedimentary exhalative hydrothermal process (SEDEX). Marine chimneys produced the hydrothermal Fe rich brines, in a marine clay floor of relatively shallow depth, provoking the simultaneous precipitation of intergranular berthierine and magnetite. The berthierine with colloform bands was emplaced afterwards.
The sedimentary hydrothermal phase is associated to successive phases of diagenetic precipitation, which occur during and after precipitation of magnetite (Fig. 16 ). This hydrothermal-diagenetic process supplied the formation of microcrystalline and amorphous berthierine, strongly associated to botryoidal magnetite of micro-and nanometric sizes. Both minerals form the intergranular texture. The botryoidal texture of magnetite in berthierine shows the typ- ical texture of deposition in a sedimentary exhalative environment (Fig. 17) . The amorphous phase of berthierine is attributed to an intense ionic change, where Fe replaces Mg in the dominant octahedral positions of the berthierine formulae unit. The end of the hydrothermal phase is indicated by the presence of berthierine filling open spaces and forming colloform bands contiguous to magnetite grains. Berthierine is also associated to siderite and organic matter. Precipitation of siderite occur when there is a low concentration of iron sulfur (pyrite), high accumulation of carbonates and Fe, high Fe 2+ /Ca radio, low Eh and pH close to 7.
The emplacement of berthierine-magnetite exhalative hydrothermal took place after chamosite deposition and it is related to the more important stratiform structure into the Peña Colorada deposit.
McDowell and Elders (1980) use authigenic phyllosilicates in sedimentary deposits to determine the thermal gradient, considering the microprobe chlorite analyses. They found that low total octahedral (−11.0 corresponds to temperature of 150
• C) relates to relatively shallow depth and closed unit cell (with a theoretical value of 12) at a temperature of 360
• C. Chamosite has a low total octahedric mean=12.02 per formulae unit. Therefore, correspond to a crystallization temperature close to 360
• C. Berthierine has total octahedric mean=11.94 corresponding to a crystallization temperature close to 150
• C. Two main genetic episodes occur during the berthierine and chamosite formation in the Peña Colorada Mine: (1) The berthierine of hydrothermal origin precipitates by diagenetic processes at the sea bottom; (2) The chamosite of hydrothermal origin was emplaced in open spaces into the host rock (there is replacement evidence, Fig. 16 and 17) .
A high concentration of Al has been observed in recent geothermal areas associated to marine basins, which suggests the importance of the Al phyllosilicates, particularly berthierine of SEDEX deposits (Damyanov and Vassileva, 2001) . This relationship allows the use of berthierine and chamosite as geologic environment indicators.
Conclusions
By virtue of its composition, texture, and mineralogical associations of chamosite and berthierine, two mineralization stages and environment of deposition, closely related to the main magnetite ore are recognized: (1) Chamosite epigenetic hydrothermal; and (2) Berthierine hydrothermal sedimentary exhalative (SEDEX).
The first hydrothermal process in the Peña Colorada deposit took place at the end of the Cretaceous epoch, and is characterized by chamosite replacing the host rock (feldspar hornfels) through fractures and filling open spaces in the same host rock. This host rock produced a mineralized breccia type stockwork, with massive magnetite veins cutting the host rock in several directions. Chamosite is associated to magnetite, sericite, clay minerals, quartz, epidote and sulfides.
The berthierine precipitation during and after magnetite deposition indicate the end of the hydrothermal phase, possibly at the beginning of Tertiary. Berthierine was formed by hydrothermal and diagenetic processes in a marine sedimentary exhalative environment (SEDEX). This environment was favorable for the very fine grain (microcrystalline to amorphous) berthierine deposition. Berthierine occurs mainly in two textural shapes: (1) intergranular; and (2) filling open spaces in the host rock forming colloform bands. Berthierine is associated to siderite, organic matter, botryoidal magnetite, and magnetite nanoparticles. The SEDEX body is related to the most important stratiform structure located in the Peña Colorada iron-ore deposit.
The micro-and nanoparticles of magnetite are homogeneously distributed in the amorphous area of the berthierine. They are associated with sedimentary exhalative origin.
